Abstract: A very novel silicon-on-insulator polarization beam splitter is proposed based on cascaded mode-sorting asymmetric Y-junctions. The width and length of each Y-junction are optimized to achieve correct mode sorting with high conversion efficiency. The numerical simulation results show that the mode conversion efficiency increases with the length of the Y-junction for the waveguide widths varying in a large range. This proposed device has G 0.7 dB insertion loss with 9 22 dB polarization extinction ratio in an ultrabroad wavelength range from 1450 to 1750 nm. Fabrication tolerance analysis is also performed with respect to the deviation in device width and height. With such a broad operating bandwidth and robust fabrication tolerance, this device offers potential applications for complementary metal oxide semiconductor (CMOS)-compatible polarization diversity operating across the S, C, L, and U optical communication bands, particularly in the booming 100-Gb/s coherent optical communications based on silicon photonics technology.
Introduction
Silicon photonics, which takes advantages of the mature complementary metal oxide semiconductor (CMOS) process and strong optical confinement in the silicon-on-insulator (SOI) waveguide, has been tremendously developed for many key components [1] - [3] over the past few years. However, these SOI devices suffer from strong structural birefringence in waveguides due to the high index-contrast between silicon and silicon dioxide, leading to a polarization-sensitive performance which limits silicon photonics developing towards large-scale commercialization [4] . Compared to designing specific polarization-insensitive structures [5] , a more promising and efficient approach is to use polarization diversity scheme [6] and the polarization splitter (PBS) is the key component to split the input light with random polarization into two paths where only one polarization (i.e., fundamental transverse electric ðTE 0 Þ mode or fundamental transverse-magnetic ðTM 0 Þ mode) is supported. Various structures based on mode interference have been recently proposed in SOI platforms, including directional couplers (DCs) [7] - [9] , multimode interference couplers (MMIs) [10] , [11] , and Mach-Zehnder interferometers (MZIs) [12] , [13] . But these approaches typically have strict constraints on waveguide widths and lengths, which makes the performance sensitive to fabrication imperfection and operating wavelength. Even though some PBSs based on mode evolution have been demonstrated to achieve a large bandwidth, the fabrication is quite complex [14] , [15] . Particularly in the booming 100 Gb/s coherent silicon photonic transceiver modules with complex functionalities and high manufactory cost [16] - [19] , a high-performance PBS with large bandwidth, robust fabrication tolerance and CMOS-compatible fabrication process would be very necessary.
Symmetric Y-junctions [20] , which has been developed as a standard component in integrated optics, are well-known as power splitters and often used in the Mach-Zehnder interferometers and optical modulators. However, another type of Y-junctions [21] - [23] , which have two asymmetric output arms, has received much less attention. For an asymmetric Y-junction with a small angle between the output arms, the input mode in the stem will propagate through the Y-junction and adiabatically evolve into the mode in the arm, which has the closest effective refractive index with that of the input mode. By appropriately choosing the arm widths, different modes in the stem will excite specific mode in different arms and the mode sorting could be achieved. A more detailed discussion about the mode sorting in this type of Y-junction by numerical simulations and theoretical analysis could be found in the references [21] - [23] . Although the concept of mode sorting in the asymmetric Y-junction was proposed for the first time in the 1970s, most of previous implementations of asymmetric Y-junctions, to the best of our knowledge, were limited to the on-chip mode-division multiplexing (MDM) [24] - [27] . It would be similarly interesting to incorporate this structure into polarization diversity scheme [28] .
In this paper, we propose a very novel PBS that takes advantage of the mode-sorting properties of asymmetric Y-junctions. This PBS in SOI platforms consists of three asymmetric Y-junctions with different waveguide widths. We optimized each section of this device to achieve a correct mode sorting with high conversion efficiency. The numerical simulations show that this PBS has G 0.7 dB Insertion loss (IL) with better than 22 dB polarization extinction ratio (PER) in a ultrabroad wavelength range from 1450 nm to 1750 nm, covering the S, C, L, and U bands in optical communications. In addition, this PBS has a large fabrication tolerance to the deviation in device width and height. Even though our PBS device has a relatively large length compared to other types of PBS devices, there is still some potential improvement to reduce the footprint. This PBS could be fabricated in a standard CMOS process and integrated with other functional components to realize a more complex photonic circuit in the coherent optical communications beyond 100 Gb/s. The operation principle of this PBS will be described as follows. On one hand, the incoming TM 0 light from the narrow arm of the first Y-junction will adiabatically evolve into the first-order transverse-magnetic ðTM 1 Þ mode in the stem. Then, the TM 1 mode will be converted into the TM 0 mode in the narrow arm of the second Y-junction and finally output at port 1. If we assume the input light enters from the wide arm rather than the narrow arm, the TE 0 and TM 0 mode must evolve into the TE 0 and TM 0 mode in the stem respectively based on the mode-sorting principle of the asymmetric Y-junction [21] - [23] . It would be a useless operation for polarization splitting, so we choose the narrow arm as the input port and carefully optimize the waveguide width to ensure the correct mode conversion from the TM 0 mode in the narrow arm to the TM 1 mode in the stem. On the other hand, the input TE 0 light will adiabatically evolve into the firstorder transverse-electric ðTE 1 Þ mode in the stem of the first Y-junction, which will be subsequently converted into the TE 1 mode in the wide arm of the second Y-junction. Finally, the TE 1 mode will evolve into the TE 0 mode in the narrow arm of the third Y-junction and output at port 2.
Device Design and Optimization
First, we used a commercial simulation software package (FIMMWAVE) to calculate the effective indices of the first five modes (TE 0 , TE 1 , TM 0 , TM 1 , and second-order transverse-electric ðTE 2 Þ) in a SOI strip waveguide as a function of the waveguide width W at wavelength of 1450 nm, 1550 nm and 1750 nm, as shown in Fig. 2 (a)-(c), respectively. The refractive indices of Si and SiO 2 are chosen from the wavelength-dependent material database offered by FIMMWAVE. The stem waveguide of the first Y-junction should support at least four guided modes including the TE 0 , TM 0 , TE 1 and TM 1 modes. This condition would be satisfied when the stem width W y1s is higher than 0.56 m, 0.68 m, and 0.99 m at wavelength of 1450 nm, 1550 nm, and 1750 nm, respectively. Here, we choose W y1s ¼ 1 m to obtain a broad bandwidth ranging from 1450 nm to 1750 nm.
A three-dimensional simulation software package (FIMMPROP) based on eigenmode expansion (EME) method was used to optimize the mode conversion efficiency in the Y-junction. Fig. 3(a) and (b) show the mode conversion efficiency from the TE 0 ðTM 0 Þ mode in the narrow arm to the TE 1 ðTM 1 Þ mode in the stem waveguide with different widths W y1n of the narrow arm, respectively. The mode conversion efficiency increases with the length L y1 of the first Y-junction for both of the two input polarizations, but since there is some difference of the effective refractive indices between the input mode and the desired output mode, some loss due to the radiation or reflection near the sharp corner is still inevitable and the conversion efficiency is always lower than 1. If the Y-junction length is large enough, the correct mode-sorting could be achieved when the width W y1n of the narrow arm varies between 330 nm and 490 nm, which shows a potentially large fabrication tolerance to the device width deviation. When W y1n is lower than 330 nm, an undesired mode sorting from the input TE 0 to the TE 2 mode in the stem waveguide would occur because the effective index of the TE 1 mode in the wide arm is closer to that of the TE 1 mode in the stem in this case. Here we choose W y1n ¼ 0:41 m and L y1 ¼ 200 m to achieve a high mode conversion efficiency of 9 96% for both of the two input polarizations. Fig. 3(c) and (d) show the mode propagation in the first Y-junction and correct mode conversion with high efficiency could be observed clearly.
A linear taper is used to connect the first and second Y-junction in our proposed PBS if these two Y-junctions do not have the identical width of the stem. For the ease of design as well as reducing the device length, we choose W y1s ¼ W y2s here. The second Y-junction is implemented to convert the input TM 1 mode to the TM 0 mode in the narrow arm while routing the input TE 1 mode to the wide waveguide. Fig. 4(a) and (b) show the mode conversion efficiency as a function of the length L y2 for both of the two input polarizations (i.e., TE 1 , TM 1 ) with the narrow arm width W y2n varying from 250 nm to 310 nm. The gap G y2 is set to 3 m to decrease the coupling between the output waveguides and enhance the PER of the overall device. One can note that when the Y-junction is relatively small, the mode conversion is not always increased with the taper length increasing. This is probably because some input power has coupled to the 9 1 undesired modes in the two arms and the interference/reflection between different modes may occur.
Here we choose W y2n ¼ 0:27 m and L y2 ¼ 200 m to ensure a high efficiency. The corresponding width W y2w of the wide waveguide is 0.73 m which is large enough to support three guided modes and also helpful to design the third Y-junction without any assisted tapers connecting between the second and third Y-junction. Fig. 4(c) and (d) show the mode propagation in the second Y-junction and one can note the mode evolution is performed as we desired. Fig. 5(a) shows the conversion efficiency from the input TE 1 mode to the TE 0 mode in the narrow arm as a function of the Y-junction length L y3 with different narrow waveguide widths W y3n .
Here we choose W y3n ¼ 350 nm and L y3 ¼ 200 m to achieve a high efficiency of $ 99%. Fig. 5(b) shows the mode propagation in this Y-junction. mode could output at port 2 in this PBS at different wavelengths. Fig. 6(e)-(h) shows the mode propagation in the overall PBS for the incoming TM 0 mode at wavelength of 1450 nm, 1550 nm, 1650 nm, and 1750 nm, respectively. One can note that there is a small amount of power coupled to the undesired ports at a longer wavelength like 1750 nm. It may be caused by the relatively weak optical confinement in the waveguide at this wavelength and thus a stronger coupling could occur between port 1 and port 2. To decrease the coupling, an S-bend waveguide can be used to replace the straight waveguide near port 1 and a larger gap could be obtained, which will improve this power crosstalk. Fig. 7(a) shows the wavelength dependence of the IL and PER at different output ports, which are defined as follows.
Performance Characterization and Fabrication Tolerance Analysis
PER Port 1 ¼ 10log 10 Nomalized output power of TM 0 mode in port 1 Nomalized output power of TE 0 mode in port 1 (1) 
Since the mode conversion in each section of this overall device is caused by mode evolution rather than mode interference, this PBS device exhibits very good performances in terms of IL and PER. A very low IL of G 0.7 dB with better than 22 dB PER could be achieved in both of the two output ports in a very large bandwidth from 1450 nm to 1750 nm, covering S, C, L, and U bands in optical communications. We further analyze the fabrication tolerance of this PBS to the deviation in (b) device width ÁW device and (c) height ÁH device at 1550 nm wavelength. A low IL of G 1 dB with better than 20 dB PER could be obtained for a large range of deviation ÁW device from À20 nm to 30 nm. In addition, the performance of this PBS is not sensitive to the device height deviation ÁH device and one can note that a very stable performance with G 0.4 dB IL and better than 24 dB PER is achieved even for a large ÁH device of AE30 nm. With such an ultrabroadband operating bandwidth with robust fabrication tolerance, this PBS could offer many potential applications in CMOS-compatible polarization diversity with complex functionalities and strict requirements on the manufacture yield, like the booming 100 Gb/s coherent optical communications based on silicon photonics technology.
Although this PBS device exhibits good performances with relaxed fabrication tolerance according to the simulation results, there are some issues which should be discussed for the future fabrication. First, in addition to the loss caused by the mode conversion in the cascaded Y-junctions, the scatting loss due to the waveguide surface (sidewall or top/bottom) roughness is also contributed to the total loss of this device in practice. This kind of loss could be significantly reduced by optimizing fabrication process, such as photolithography and etching processes [29] . Second, it would be necessary to improve the corners between the arms of Y-junctions because some reflection loss will be caused by the sharp corners, and the flattened or rounded corners may disturb the mode sorting. Recently, some experiments about the asymmetric Y-junctions in the MDM applications have been reported and À30 dB crosstalk could be achieved [25] , [26] . In addition, some improved schemes have been demonstrated to reduce the Y-junction loss [20] . Therefore it is entirely feasible to fabricate a Y-junction based PBS with acceptable performances in practice. Thirdly, the total length of this PBS is $ 600 m which is longer than most of the DC-and MMI-based PBSs. Nevertheless, there will be some potential improvement on the device length based on the actual design targets and fabrication conditions. As the device length increases, the performances in terms of IL and PER affected by the mode evolution will be improved while the waveguide propagation loss is degraded especially for the narrow waveguides. Therefore, there will be an optimal device length which may be much lower than 600 m.
Conclusion
In summary, a novel ultra-broadband PBS is proposed by utilizing cascaded mode-sorting asymmetric Y-junctions. Each section of the PBS is optimized to ensure correct mode conversion with high efficiency by appropriately choosing the waveguide widths and Y-junction lengths. Since the asymmetric Y-junctions have advantages of large bandwidth and fabrication tolerance, the overall device exhibits a good performance in a large bandwidth over 300 nm as well as a relaxed fabrication tolerance to the fabrication deviations in device width and height. This novel PBS exhibits a promising application in the 100 Gb/s coherent optical communications realized by silicon photonics technology.
